We consider the application of alpha spectroscopy to the rapid determination of the potential alpha energy concentration (PAEC) of radon decay products indoors. Two count totals are obtained after a single counting period. The PAEC is then estimated by a linear combination of the count totals, the two coefficients being determined by analysis of the dependence of the statistical and procedural errors on the equilibrium conditions and the sampling, delay, and counting times. For a total measurement time of 11 min, the procedural error is unlikely to exceed 20% for equilibrium conditions commonly found indoors; the statistical error is less than 20% at a PAEC of 0.005 WL, assuming a product of detector efficiency and flow rate of at least 1.0 1/min. An analysis is made of techniques based on a total alpha count, and the results are compared with those obtained with the rapid spectroscopic technique; the latter is clearly preferable when the measurement time does not exceed 15 min.
INTRODUCTION
The potential alpha energy concentration (PAEC) is the usual measure of the health hazards of airborne decay products ("daughters") of 222 Rn ( 11 radon"). Determination of the PAEC requires the measurement of the airborne concentrations of the three decay products 218Po, 214Pb, and 214 Bi, which may be carried out by collection of a filtered air sample and subsequent counting of the activity present on the filter.
Because 218 Po and the fourth decay product, 214 Po, emit alpha particles of different energies, and because the decay of the latter may be taken as occurring simultaneously with that of 214 Bi, alpha spectroscopy provides, for each counting period, two count totals that may be used to determine the concentrations of the three decay products of interest.
Two counting periods are then necessary for a complete determination of the PAEC. The alternatives to alpha spectroscopy are a total alpha measurement with three counting intervals and use of alpha and beta spectroscopy with a single counting interval. All of these techniques require either a long measurement time or a complex instrument, either of which may be disadvantageous under given circumstances. It is common, therefore, to estimate the PAEC on the basis of an incomplete measurement.
The predominant estimation technique, that of Kusnetz (Ku56) , calls for the counting of the total alpha activity on a filter during a single interval, which begins some time after the end of sampling. The sampling, delay. and counting intervals are at the disposal of the experimenter, subject to such limits on total measurement time as he may choose to impose. The resulting count total is multiplied by a conversion factor, which depends on the three intervals, to arrive at the -1-estimated PAEC. Since the count total and the actual PAEC are different linear combinations of the concentrations of the three radon daughters, there is an inherent "procedural" error in the estimation, except at equilibrium conditions for which the linear combinations differ by a constant. By adjusting the measurement intervals to the equilibrium conditions of interest, an optimum value of the conversion factor can, in principle, be found.
Satisfactory results using approximations such as the Kusnetz method require a fairly long total measurement time, even if the range of equilibrium conditions is restricted. If sensitivity is to be maximized, the portion of the measurement time taken up by the delay between sampling and counting must be minimized. A short delay time does not allow 218 Po to decay significantly before counting begins and, therefore, leads to an exaggeration of the contribution of this daughter to the estimated PAEC, increasing the procedural error. Where high sensitivity is not required, the delay time may be increased to the point that this source of error becomes relatively unimportant; in this case the Kusnetz method will prove satisfactory.
The low activity levels generally encountered indoors require the highest possible sensitivity consistent with an·acceptably short measurement time and a satisfactorily low procedural error over a broad range of equilibrium conditions. It is in the satisfaction of these often conflicting requirements that a rapid spectroscopic technique offers significant advantages over total alpha methods.
As we have seen, alpha spectroscopy requires two counting periods for complete determination of the PAEC. From a single period we obtain the concentration of 2 18Po and a count total which depends on this -2-concentration and those of the two succeeding daughters. It has been demonstrated by Schiager (Sc77) that, under certain circumstances, a weighted combination of these two totals may be used to estimate the PAEC; this method will be shown to be equivalent to the assumption of a relationship among the actual concentrations of the three daughters. If equilibrium conditions are such that this assumption holds approximately, an accurate estimate will be obtained. The method of estimating PAEC using two count totals obtained after a single counting interval will be referred to as the rapid spectroscopic technique.
In the following section, we derive the equations showing the dependence of the procedural and statistical errors of the rapid spectroscopic technique on the three measurement intervals and the daughter equilibrium ratios. Subsequently, a simple model of daughter behavior is used to predict the equilibrium ratios that may be expected to arise under conditions prevailing indoors; the values obtained are used to optimize the technique for these conditions. In the same section, we
show that data obtained in one house using the complete (two counting interval) spectroscopic technique generally falls in the range predicted by the model and, further, that the rapid technique provides a good estimate of the PAEC. Finally, we compare the rapid technique with total alpha methods. The former will be seen to be more accurate, particularly when the measurement time is limited. The knowledge of the concentration of 218 Po provided by the rapid spectroscopic technique is an added advantage when there is an interest in prevailing equilibrium conditions.
-3-
THEORY OF THE RAPID SPECTROSCOPIC TECHNIQUE
The alpha spectrum of radon daughters has two peaks, arising from the 6.0 and 7.7 MeV decays of 218po and 214Po, respectively. Assuming the upper portion of the spectrum to be divided into two channels, corresponding to the two peaks, energy degradation due to instrumental imperfections produces a broadening of the peaks that is sufficient to produce a small overlap of the upper peak into the lower channel, typical values being less than 5%. When two counting intervals are used, alpha spectroscopy produces four count totals, of which only three are needed to determine the PAEC, making the remaining value available for the calculation of the overlap factor (Na80). This factor may be determined to a sufficient degree of accuracy for a given instrument by taking the average of the results of a number of measurements.
Given a knowledge of the overlap and the background level, the corrected count totals obtained in the two channels are: (l) where the subscripts 1 and 2 refer to the lower and upper channels, respectively, N n is the actual number of counts in the nth channel, corrected only for background, and e is the overlap factor, i.e., the fraction of 214 Po counts appearing in the lower channel. The relationship among the corrected counts, the timing intervals, and the airborne activity concentrations may then be written:
where Im is the activity concentration of the mth decay product, n 1s Since the rapid technique provides a determination of 1 1 , it is convenient to write (2) in the form:
where
Similarly, we may write the PAEC as:
where, if W is to be in WL, c 1 = 0.00104, c 2 = o.ooso1, and 0.00373, assuming r 1 to be in pCi/1.
It is clear that R2 and R3, which are necessary to a determination of W, cannot be found from (6). If, however, a theoretical or empirical relationship between the two ratios could be established, this relationship and equations (5) and (6) would be sufficient to determine W. Suppose now that the probability of occurrence of various values of the two ratios were known. It would then be possible to define a curve that passed through the region of high probability in R 2 -R 3 space. If we were then to estimate W using this relationship, we would find the estimate to be correct in situations where the actual values of R 2 and R 3 fell on the curve, while in other situations there would be a procedural error that increases with the distance of R 2 and R 3 from the curve. If the points of high probability clustered, it would be possible to estimate W in such a way that a low procedural error becomes highly likely.
The optimal curve of zero procedural error depends on the conditions under which the estimation technique is to be used. The simplest of all choices, and one that will be found to be satisfactory in practice, is a straight line; this choice, which is implicit in the work of Schiager (Sc77), leads to an estimate of the PAEC that is a linear combination of the two count totals obtained from a single counting period.
Let us, then, assume the following relationship between R 2 and R 3 :
The arguments of the slope, m, and the y-intercept, b, indicate that actual values of R 2 and R 3 on this line yield an estimate of W that is free of procedural error. Eliminating I 1 , R 2 , and R 3 with (5), (6), and (8) gives the estimated PAEC, which we shall call w, i.e.,
-7- (lO) where ( 11) and (12) The choice of estimation coefficients, A and B, depends on the choice of the slope and intercept of the line of zero procedural error and on the three timing intervals that determine the coefficients anm. We might, alternatively, have begun with (10), with A and B unknown, and demonstrated that the procedural error vanishes when R 2 and R 3 satisfy (9); m(O) and b(O) may be expressed in terms of A and B as follows:
Let the procedural error be designated ep, i.e., Using (5), (6), and (16) to solve for R 3 , we find a linear relationship -8-of the same sort as (9), i.e.,
where (18) The curves of constant procedural error are lines whose slopes and intercepts are given by (18) and (19), respectively.
We shall be interested in determining the region of the positive R 2 -R 3 space for which the procedural error is less than some selected value, ~. This "region of ~ error" is simply that part of the space which lies between the line defined by m(~) and b(~) and that defined by m(-~) and b(-~). From (18) we see that the slopes cannot be chosen independently, depending as they do upon a single parameter; similarly, fixing one intercept determines the other. Ideally, we would calculate the area of the positive R 2 -R 3 plane for which lepl < ~ and maximize it with respect to the three timing intervals, assuming a constrained total measurement time. The two estimation coefficients would then be determined.
Not all regions of the R2-R3 plane are of equal importance, how-
so that a determination of the maximum area lying within the limits on procedural error might well produce an estimation technique that is valid for daughter equilibrium ratios that rarely, if ever, occur in practice. If we had sufficient experience on which to base an estimate -9-of the probability of occurrence of given values of R 2 and R3, we could determine the probability within any region of ~error and, at least 1n principle, analytically determine the optimum region for a given ~.
Sufficient data for such a procedure do not exist at present, and, 1n
selecting regions of interest in the R 2 -R 3 plane, we are compelled to rely on theory, which is in an embryonic state, and on such limited data as are available. A further problem is raised by the interrelationship between the procedural and statistical errors, which may necessitate a compromise 1n the selection of the timing intervals.
It is simplest to determine the effect of changes in the timing intervals on the procedural error by finding the regions of ~ error for a number of values of ~ and for a number of choices of timing periods.
We assume, for convenience, that the line of zero procedural error passes through the origin; lines whose intercepts with the R 3 -axis are greater than 0 are of little interest to us, since normally R 3 < R 2 , while lines that intersect the R 2 -axis at points distant from the origin are likely to pass through regions of lesser interest than that chosen.
By taking a few examples, one can demonstrate that, for a given absolute procedural error, ~. the slopes m(~) and m(-~) increase and decrease, respectively, with increasing~. as do the intercepts b(~) and b(-~).
For any ~. and for any chosen slope, m(O), the area of the region of~ error is largest when the sampling and counting times are equal, although the effect of a departure from this condition is quite small. m1.n, the activity concentration being taken in pCi/1. When high sensitivity is a consideration, this difference 1s more significant than the relatively m1nor increases 1n procedural error resulting from the same change in Td. Accordingly, at short measurement times, the delay time should be reduced to the practical minimum whenever conditions are such that the statistical error is likely to be significant. Under other circumstances, the choice of delay time may be made on the basis of appropriate calculations.
CHOICE OF ESTIMATION COEFFICIENTS
A simple model of the behavior of radioactive decay products (Ja72;Po78) provides the following description of the relationship among the activities of airborne concentrations of the members of the radon decay chain: It is assumed that the decay products are distributed bimodally in size, those in the smaller mode being referred to as "free" or "unattached" and those in the larger as "attached," the attachment being to atmospheric particulates. Attachment takes place at a rate Aa• which 1s assumed not to vary with the product being considered. Activity deposits upon surfaces at rates A! for the free mode and for the attached, the rates again being identical for the three decay products -12-of interest. Upon decaying, molecules leave the surfaces of the particles to which they are attached at a rate rnAn, where An is the decay constant of the nth series member and rn represents the fraction of the attached molecules that recoil. It 1s not difficult to show that, in any interior whose ventilation rate is Av, the steady-state activity concentration of the nth member of the chain is (21) for the free mode, and (22) for the attached. Here r 0 is the activity concentration of radon and In that of the nth decay product. The ventilation rate and indoor levels are assumed to be such as to make the influence of exterior concentrations of radon and its decay products negligible, the usual situation.
If we again treat the decay of the fourth product as if it were simultaneous with that of the third, we may solve (21) and (22) for the daughter equilibrium ratios R 2 and R 3 . If R 2 and R 3 are then calculated over ranges of values of the several rates that are appropriate to the conditions of interest, we can identify the region of R 2 -R 3 space for which, based on this model, the rapid estimation procedure is required to be reasonably accurate. Optimization of the procedure may follow.
We consider attachment rates, Aa, from 2.5 to 250 hr-l (Kr79), the middle of this range being the rate corresponding to a particle concen--13-tration of ~10 4 cm-3 , which is typical of the indoor environment (Si78).
On the basis of the work of Sehmel (Se71) which, although more appropriate to mines than to houses, seems to provide the best available model, we consider the deposition rate of the attached fraction to be <0.1 hr- (1 + ~) {c 2 + c 3 )
To determine these coefficients, it is necessary to choose ~ and the three timing intervals, Ts, Td, and Tc. We shall assume that Ts = Tc and that Td = 1 min, which is a practical lower limit. The accuracy of the estimation for a given set of parameters may be most usefully expressed in terms of some measure of the equilibrium conditions for which lepl is less than ~. and in terms of some characteristic statistical error. An indication of the region of the R 2 -R 3 plane for which -~ *Most of the points on this figure for which R 3 > R 2 may be accounted for by the relatively large experimental errors resulting from the low activities obtaining.
-15- In most cases of interest, the procedural error is not greater than 20%. The parameters were chosen so that the overestimate could not exceed 20%; under no circumstance does the underestimate exceed 50%.
Lines of constant random error at a product of flow rate, detector efficiency, and 218 Po activity concentration of 1 pCi'l/min are shown in -17-
COMPARISON WITH OTHER METHODS
In the Kusnetz method (Ku56), one simply multiplies the total number of alpha counts obtained during a given period by a conversion factor, which depends on the sampling, delay, and counting intervals, to obtain the estimated PAEC. For a sufficiently long delay time, the distinct linear combinations of r 1 , r 2 , and r 3 that determine the count total, N, and the PAEC, W, come to resemble each other sufficiently that a numerical factor may be used to convert N to W with a procedural error that remains quite small whatever the prevailing equilibrium conditions.
Rolle (Ro72) has shortened the delay time considerably and demonstrated that the method is satisfactory when actual concentrations are similar to those obtained from a model that may be applicable to conditions obtaining in mines. It is possible to compare the total alpha and spectroscopic methods using the approach of the previous section.
Let us write N in the following form (cf. (5) and (6)):
Then, if we approximate W by
where our conversion factor, '/, is related to that of Kusnetz, F, by the Comparing these equations with (18) and (19), we find that, in contrast with the spectroscopic method, the total alpha estimation does not permit the independent establishment of the slope and intercept of a line of g1ven procedural error. In attempting to optimize the total alpha method, a choice of intercept near the origin, which avoids the placement of the line of zero error outside the usual limits of R 2 and R 3 , may lead to a slope which places the entire line outside the region of interest. For short measurement times, a compromise must be made, by trial-and-error, between the demands of slope and intercept.
If the measurement time is long, however, these limitations become insignificant.
In a typical application of the Kusnetz method, we take T 8 = Tc = 10 min and Td = 40 min to obtain the results of Table 3 Table 4 for measurement times of 16, 23, and 31 min.
For comparison, similar information for the spectroscopic method is given in Table 5 
where n 1s the detector efficiency and f is the flow rate in 1/min.
Under these circumstances, the line of zero procedural error is defined times less than 15 min, the spectroscopic technique is clearly superior in the size of the area of the R 2 -R 3 plane for which the estimate may be expected to result in a procedural error below a fixed limit, or in the smallness of the statistical error, or in both of these. The minimum measurement time for which precise results may be obtained is smaller for the spectroscopic technique, principally because it allows the decay time to be reduced to the minimum allowed by the instruments. The spectroscopic technique may be recommended, therefore, whenever both short measurement times and high sensitivity are needed. Figure 6. Lines of constant statistical error of the rapid spectroscopic technique, optimized for an 11 min total measurement time, plotted against the equ~±~brium ratios R 2 and R 3 . The error is normalized to a product of Po concentration (IJ), detector efficiency (n), and flow rate (f) of 1 pCi/min. Under tnis condition the statistical error is always ~ 20% at a PAEC of .0052 WL. -37-
